CXC chemokine ligand 12 (CXCL12; stromal cell-derived factor 1) is a unique homeostatic chemokine that signals through its cognate receptor, CXCR4. CXCL12/CXCR4 signaling is essential for the formation of blood vessels in the gastrointestinal tract during development, but its contribution to renal development remains unclear. Here, we found that CXCL12-secreting stromal cells surround CXCR4-positive epithelial components of early nephrons and blood vessels in the embryonic kidney. In glomeruli, we observed CXCL12-secreting podocytes in close proximity to CXCR4-positive endothelial cells. Both CXCL12-and CXCR4-deficient kidneys exhibited identical phenotypes; there were no apparent abnormalities in early nephrogenesis or in differentiation of podocytes and tubules, but there was defective formation of blood vessels, including ballooning of the developing glomerular tuft and disorganized patterning of the renal vasculature. To clarify the relative importance of different cellular defects resulting from ablation of CXCL12 and CXCR4, we established endothelial cell-specific CXCR4-deficient mice, which recapitulated the renal phenotypes of conventional CXCR4-deficient mice. We conclude that CXCL12 secreted from stromal cells or podocytes acts on endothelial cells to regulate vascular development in the kidney. These findings suggest new potential therapeutic targets for remodeling the injured kidney. 20: 171420: -172320: , 200920: . doi: 10.1681 Nephrogenesis requires a coordinated process during development and has two distinct embryologic aspects. One is the development of epithelial components. They originate from interactions between the metanephric blastema, a group of mesenchymal cells in the genital ridge, and the ureteric bud (UB), an epithelial outgrowth of the nephric duct. When the tips of the UB invade the metanephric blastema, mutual inductive signals initiate a cascade of events, including UB branching and mesenchymal aggregation, which is followed by formation of nephrons. The other essential aspect is assembly of renal microcirculation, a multistep process including differentiation of endothelial progenitor cells, recruitment of endothelial cells into the glomerular
vascular cleft, and maturation of functional vessels. 1 Although great advances have been made in recent years, further effort is required to elucidate the molecular determinants regulating vessel formation in the kidney.
Chemokines are a family of structurally related chemoattractant cytokines. Among them, CXC chemokine ligand 12 (CXCL12; stromal cell-derived factor 1 ) is a unique homeostatic chemokine that signals through its cognate receptor CXCR4 and plays essential roles in hematopoiesis and organogenesis. 2, 3 Mice lacking CXCL12 and CXCR4 display identical and lethal phenotypes, indicating a monogamous relationship between these molecules. 4 CXCL12 and CXCR4 are required for B cell development, [5] [6] [7] [8] colonization of bone marrow by hematopoietic stem cells, 9, 10 colonization of the gonads by primordial germ cells, 11 and cardiac 4, 6, 12 and cerebellar 8, 12 development. In addition, CXCL12 knockout (KO) or CXCR4 KO embryos display defects in vascularization of the gastrointestinal tract but not of the yolk sac, brain, or heart, demonstrating the essential organspecific functions of CXCL12/CXCR4 in blood vessel formation 4, 13 ; however, we and another group 8 observed that kidneys of CXCR4 KO mice have vascular congestion. Furthermore, it has been reported that CXCL12 is expressed in the developing glomeruli. 14 These observations prompted us to investigate the roles of this chemokine in kidney development. Here we demonstrate the pivotal roles of the CXCL12/CXCR4 axis in kidney development with a focus on blood vessel formation, using conventional CXCL12 and CXCR4 KO mice and endothelial cell-specific CXCR4 KO mice.
RESULTS

Expression of CXCL12 in the Developing Kidney
We first investigated the expression of CXCL12 in the developing kidney using CXCL12/GFP knock-in mice, in which the green fluorescence protein (GFP) gene has been inserted into the CXCL12 locus, resulting in recapitulation of the endogenous expression pattern of CXCL12 ( Figure 1 , Supplemental Figure 1 ). 9 GFP was detected in the stromal cells surrounding developing nephrons (UBs, cap mesenchyme [CM] , and pretubular aggregates; Figure 1B ) and in the stromal cells surrounding blood vessels (Supplemental Figure 1 , A and B) in the developing kidney and was expressed continuously during embryogenesis including at embryonic day 13.5 (E13.5; data not shown), E15.5 ( Figure 1, Supplemental Figure 1 ), and E17.5 (data not shown). GFP-positive cells were negative for the pericyte marker PDGF receptor ␤ (PDGFR␤; Supplemental Figure  1C ). In the developing glomeruli, an adjacent part of the podocytes began to express CXCL12 ( Figure 1C, arrows) , and, thereafter, all podocytes expressed CXCL12 in the mature glomeruli ( Figure 1D ). CXCL12 was also expressed in some segments of arteries, including interlobular arteries (Supplemental Figure 1 , A and D).
Expression of CXCR4 in the Developing Kidney
We then investigated the expression of CXCR4 by immunohistochemistry ( Figure 2 ) and in situ hybridization (Supplemental Figure 2 ). The specificity of these methods in detecting CXCR4 was confirmed using CXCR4 null kidneys as negative controls ( Figure 2C , right) and using sense probe (Supplemental Figure 2 , B and D). CXCR4 was consistently expressed in the nephrogenic zone during embryogenesis, including at E13.5 (Figure 2A ), E15.5 (data not shown), and E17.5 ( Figure 2 , B and C). At the early embryonic stage, CXCR4 was strongly expressed in UBs (Figure 2A , arrows) and pretubular aggregates (Figure 2A , arrowheads), whereas its expression at a later stage switched to CM ( Figure 2C ) instead of UBs. Along with BASIC RESEARCH www.jasn.org nephrogenesis, CXCR4 was downregulated and completely disappeared from these epithelial components in S-shaped bodies (data not shown).
CXCR4 was also expressed in the vasculature. It was only weakly detected in the endothelial cells in the cleft of the comma-shaped body ( Figure 2D , arrows), and was more intensely expressed in basal endothelial cells ( Figure 2D , arrowheads). CXCR4 was intensely expressed in the arterioles connecting the capillary loop stage glomeruli ( Figure 2E , arrows). Only glomerular endothelial cells in the stalk expressed CXCR4 at this stage ( Figure 2E , arrowheads), but most of the glomerular endothelial cells expressed CXCR4 in mature glomeruli ( Figure 2F ). Co-immunostaining for renin revealed that renin-positive pericytes surrounded the CXCR4-positive arterioles, suggesting that CXCR4-positive arterioles were afferent arterioles ( Figure 2G ). The results from in situ hybridization of CXCR4 in embryonic kidney at E17.5 (Supplemental Figure 2) were largely consistent with those from the immunohistochemical analysis. CXCR4 mRNA was detected in early nephrons, including the UBs, CM, and pretubular aggregates (Supplemental Figure 2 , A and C), and was also strongly detected in inner glomerular cells (Supplemental Figure 2E ).
Spatial Relationship between CXCL12 and CXCR4 in Developing Kidney
To clarify the spatial relationship between CXCL12-and CXCR4-positive cells, we performed co-immunostaining of CXCR4 in kidney sections from CXCL12/GFP knock-in mice at E17.5. In the nephrogenic zone, CXCL12-positive stromal cells surrounded CXCR4-positive developing early nephrons and blood vessels ( Figure 3 , A and B). In primitive glomeruli, some podocytes expressed CXCL12, and glomerular endothelial cells just adjacent to the CXCL12-positive podocytes expressed CXCR4 (Figure 3C) . In contrast, all of the podocytes and endothelial cells in mature glomeruli expressed CXCL12 and CXCR4, respectively (data not shown). Of note, at least some of the interlobular arteries apparently expressed both CXCL12 and CXCR4 at the same time ( Figure 3D ), suggesting that CXCL12/CXCR4 signals may function in an autocrine manner to extend arteries.
Analysis of CXCR4 and CXCL12 Null Kidneys
Next, we analyzed the kidneys of CXCR4 KO mice. 4 Because approximately 50% of CXCR4 KO mice die before E18.5 and 100% die shortly after birth, 4 we analyzed the embryonic kidney mainly at E17.5, when developing and mature nephrons could be observed in the same kidney. Macroscopically, the urinary tracts and bladders of the CXCR4 KO mice exhibited no abnormalities at E17.5 compared with wild-type mice ( Figure  4A ). CXCR4 null kidneys were smaller in weight by 10 to 15% than wild-type kidneys (Figure 4 , A and B) and exhibited con- The observation that CXCL12-secreting stromal cells surround CXCR4-positive early nephrons prompted us to examine defects in nephrogenesis at early stages in the CXCR4 null kidney. Compared with wild-type kidney, periodic acidSchiff-stained sections from CXCR4 null kidneys at E13.5 displayed no significant abnormalities in morphogenesis, showing normal formation of comma-or S-shaped bodies and aggregations of metanephric mesenchyme ( Figure 4C ). Platelet/endothelial cell adhesion molecule-1 (PECAM-1; CD31) staining to label endothelial cells revealed that the development of these cells in the cleft of early nephrons was not apparently disrupted in CXCR4 null kidneys (Supplemental Figure   3A ), which is consistent with the observation that endothelial cells at this stage express CXCR4 weakly or not at all ( Figure  2D ). To investigate UB branching, we used a calbindin antibody to immunostain organ cultures of CXCR4 null or wildtype kidney at E12.5 that had been grown for 48 h ( Figure 4D ). No differences in calbindin staining between the two kidney types were observed; however, the CXCR4 null mice displayed severe abnormalities in glomerular morphogenesis from the capillary loop to mature stages ( Figure 5 , C through F) compared with wild-type mice ( Figure 5 , A and B). CXCR4 KO mice exhibited glomeruli with aneurismal dilation of the capillaries in which the complex tuft pattern was lost and a few distended or ballooned capillaries were observed. The severity of this abnormality differed between glomeruli: Some were composed of a single capillary tuft ( Figure 5C ), whereas others had a morphology similar to the wild-type ( Figure 5E ). To elucidate the cell lineages of abnormal glomeruli, sections were immunostained for nephrin ( Figure 5G ), synaptopodin, integrin ␣3, and Wilms' tumor 1 (data not shown) for podocytes, PECAM-1 ( Figure 5H ), and vascular endothelial growth factor receptor 2 (VEGFR2; data not shown) for endothelial cells and PDGFR␤ ( Figure 5I ) for mesangial cells. A few distended capillary loops in CXCR4 null glomeruli were overlain with nephrin-positive podocytes and lined with PECAM-1-positive endothelial cells, both of which expressed the respective markers similar to wild-type glomeruli. In contrast, the number of PDGFR␤-positive mesangial cells in the total glomerular area was significantly lower in CXCR4 null glomeruli ( Figure 5J ). Electron microscopic analysis of mice at E17.5 demonstrated that foot processes were significantly effaced in CXCR4 null glomeruli, with endothelial cells and podocytes securely attached to the glomerular basement membrane (GBM; Figure  6 ). Furthermore, it was demonstrated that there were fewer fenestrations in CXCR4 null glomeruli than in normal glomeruli ( Figure 6 ). Some of the glomeruli of CXCR4 KO mice exhibit phenotypes that resemble those of the PDGF, B polypeptide (PDGFB) 15 and PDGFR␤ 16 KO mice; therefore, we investigated the expression of PDGFB on wild-type and CXCR4 null kidneys using in situ hybridization (Supplemental Figure 3B ). We observed that glomerular endothelial cells continue to express PDGFB similar to the wild-type even after ablation of CXCR4, suggesting that the ballooning of glomerular tufts was not due to the reduction of PDGFB in endothelial cells.
Because dilated capillary structures and congestion of red blood cells were observed in the mutant metanephroi, we investigated formation of the vasculature in addition to the glomerular tuft. Whole-mount staining with anti-PECAM-1 antibody of the CXCR4 null kidneys at different stages demonstrated that the vascular patterning was grossly disorganized and that the vasculature diameters were irregular even at E13.5, which is before the maturation of glomeruli ( Figure 7A ). Similar abnormalities were also detected at later stages (E15.5 [ Figure 7B ]; E17.5 [ Figure 7C ]).
Next, we explored the kidneys of CXCL12 KO mice, 6 which BASIC RESEARCH www.jasn.org have been reported to exhibit identical phenotypes as CXCR4 KO mice. 4 CXCL12-and CXCR4 null kidneys exhibited similar renal phenotypes, including capillary ballooning in glomeruli (Supplemental Figure 4A) , disorganized vascular patterning (Supplemental Figure 4B) , and reduction in mesangial cell numbers (data not shown).
Analysis of Kidneys of Endothelial Cell-Specific CXCR4 KO Mice
Nonendothelial cells also contribute to proper glomerular capillary development. 1 Because we demonstrated that CXCR4 was temporally expressed in nonendothelial cells, it was unclear which CXCR4-expressing component is responsible for the defect in glomerular capillary development. To determine whether endothelial expression of CXCR4 predominantly affects glomerular capillary development, we established endothelial cell-specific CXCR4 KO mice. We used mice with a CXCR4 allele flanked by loxP sites 17 and crossed them with transgenic mice that express Cre under the endothelial-specific Tie2 promoter. 18 We found that most Tie2-Cre CXCR4 flox/flox mice died in utero just before birth and that E17.5 embryos developed defects in glomeruli and blood vessels similar to conventional CXCR4 KO mice ( Supplemental Figure 4C) . Kidneys from Tie2-Cre CXCR4 flox/flox mice surviving for 3 d (n ϭ 4) exhibited dilated proximal tubules with vacuolation ( Figure 8 , A through D) in addition to ballooning of glomerular tufts (Figure 8, E and F) . Notably, compared with conventional CXCR4 KO mice at E17.5, substantial numbers of glomerular endothelial cells were detached from the GBM in the endothelial cell-specific CXCR4 KO mice on day 3 (Figure 8 , E through G).
DISCUSSION
In this study, we elucidated the divergent expression pattern of CXCL12 and CXCR4 in the developing kidney. Using conventional and conditional CXCR4 KO mice, we also demonstrated that the CXCL12/ CXCR4 axis is essential for the development of vasculature in the kidney.
Although expression of CXCL12/CXCR4 has already been described in the embryonic kidney of mice 14 and humans 19 and in crescentic glomerulonephritis of mice and human kidney, 14 our data showed the spatial and temporal relationship between CXCL12-and CXCR4-positive cells in more detail. These data are summarized in Figure 3E . The features are as follows: (1) CXCL12-secreting cells are always in close contact with CXCR4-positive cells in the nephrogenic zone and in glomeruli, suggesting the presence of paracrine signaling from stromal cells and podocytes to the developing nephrons and endothelial cells, respectively; (2) both CXCL12 and CXCR4 are expressed in various cell types and show increased and decreased expression in various lineages; and (3) some vascular segments, including the interlobular arteries, express both CXCL12 and CXCR4 at the same time, suggesting that the CXCL12/CXCR4 axis promotes the process of angiogenic sprouting using an autocrine mechanism ( Figure 3D ).
On the basis of expression analysis, we speculated that CXCL12 would support nephrogenesis and vascular development of the kidney. To investigate this hypothesis, we first (D) Branching morphogenesis of CXCR4 null kidneys. Kidneys were resected from wild-type or CXCR4 KO mice at E12.5 and cultured on Transwell for 48 h. They were then whole mount-immunostained for calbindin, revealing that UB branching was not affected by the ablation of CXCR4. Magnifications: ϫ10 in A and B; ϫ200 in C and D.
explored the development of the epithelial components of the nephron, including UB branching, aggregation of mesenchymal cells, formation of comma-and S-shaped bodies, and differentiation of podocytes and tubules of CXCR4 null kidneys; however, we found no differences in these features compared with wild-type kidneys, although it is possible that there is a subtle branching defect of UB that we cannot detect with whole-mount immunostaining on the explants. Because embryonic lethality precludes analysis of CXCL12/CXCR4 signaling for longer periods, additional analysis is required to conclude that this signaling is not essential for the development of early nephrons or differentiation of epithelial components; however, the redundancy of the chemokine system is thought to provide a high degree of flexibility in vivo, such that other chemokines may compensate for the loss of CXCR4.
Next, we explored the development of renal vasculature. The observation that some podocytes at the vascular pole began to secrete CXCL12 and that the "stalk" of glomerular endothelial cells, which are just adjacent to these podocytes, express CXCR4 suggests that a gradient of CXCL12 may function as a guide for glomerular capillary tuft growth. In support of this idea, we observed abnormal glomerular capillary development in the CXCR4 null kidneys. CXCR4 null glomeruli at the capillary loop to mature stages exhibited aneurismal dilation of the capillaries, which is variable in extent. A few distended capillary loops in mutant glomeruli were overlain with podocytes and lined with endothelial cells, both of which expressed the respective markers similar to wild-type glomeruli. In contrast, the number of mesangial cells was significantly lower in CXCR4 null glomeruli. Considering that PDGFB was expressed similarly in glomerular endothelial cells of the CXCR4 KO mice, it is speculated that another factor, which is secreted from endothelial cells by signaling through CXCR4, is responsible for the recruitment and/or proliferation of mesangial cells. We would like to seek to understand how the CXCL12/CXCR4 axis is involved in mesangial cell development in the future. Electron microscopic analysis of mice at E17.5 demonstrated that there were fewer fenestrations in endothelial cells of CXCR4 null glomeruli than in those of normal glomeruli (Figure 6 ), indicating that the CXCL12/CXCR4 axis may modulate signaling through VEGFR, which is a key inducer of fenestrations. 20 In addition, we demonstrated that embryonic kidneys from CXCL12 KO mice have an identical phenotype as kidneys from CXCR4 null mice. Recently, CXCR7 (RDC-1) was reported to be a second CXCL12 receptor. 21 Conventional and endothelial cell-specific CXCR7 KO mice die at birth with ventricular septal defects and semilunar heart valve malformation. 22 Thus, we investigated the expression of CXCR7 in the embryonic kidney and showed that CXCR7 is expressed mainly in renal tubules (Supplemental Figure 5) . Further investigation of the phenotypes of CXCR7 null kidneys will be required, but CXCR7 may not be involved in the vascular abnormalities seen in CXCL12 and CXCR4 mutant kidneys.
It has been demonstrated that tightly coordinated cross-talk between glomerular cells is required for the formation of a functional glomerular filtration barrier. 1 For example, mice in which expression of PDGFR␤ in mesangial cells 16 or integrin BASIC RESEARCH www.jasn.org ␣3 in podocytes 23 is disrupted exhibit a similar phenotype in the glomeruli, including ballooning of the glomerular tuft. Because CXCR4 is temporally expressed in pretubular aggregates containing presumptive podocytes, we hypothesized that deletion of CXCR4 in endothelial cells would recapitulate the defects in blood vessel formation observed in CXCR4 KO mice. To address this question, we examined the kidneys of mice with endothelial cell-specific deletion of CXCR4 and found defects identical to those observed in conventional CXCR4 KO mice. This supports the notion that CXCL12 secreted from stromal cells and podocytes acts on endothelial cells to regulate vascularization of the kidney, including glomeruli; however, we cannot exclude the possibility that the defects in blood vessel formation in the mutants may be due to dysfunction of Tie2-expressing hematopoietic cells, because evidence is emerging that cells derived from bone marrow may also contribute to embryonic and postnatal angiogenesis. 24 Further study is required to discriminate accurately the relative contribution of the two cell lineages (hematopoietic stem cells and endothelial cells) to blood vessel formation in the kidney.
Our expression analysis suggests that CXCL12 secreted from podocytes may act on the stalk of glomerular endothelial cells and on afferent arterioles that strongly express CXCR4 to attract them during tuft formation. Alternatively, CXCL12 secreted from podocytes may upregulate the expression of CXCR4 on glomerular endothelial cells, allowing them to induce glomerular tuft formation. The molecular mechanism underlying the CXCL12/CXCR4 signaling that regulates blood vessel formation in the kidney remains unclear. One possibility is that CXCL12/CXCR4 signaling acts on endothelial cells to promote survival signals and/or cell proliferation. In support of this idea, the p44/42 mitogen-activated protein kinase and Akt pathways both are activated by treatment of human umbilical vein endothelial cells with recombinant CXCL12 (data not shown). Although we did not find evidence that CXCR4 null endothelial cells undergo apoptosis or proliferate poorly, our observation that glomerular endothelial cells tend to detach from the GBM in Tie2-Cre CXCR4 flox/flox mice that survived 3 d after birth is consistent with this possibility.
The observation that there are organ-restricted (gastrointestinal 4 and renal [this article]) vascular phenotypes in CXCR4 KO mice is intriguing. The precise mechanism is unclear, because endothelial cells in other organs also express CXCR4 (data not shown). One possibility is that blood vessel formation develops in an organ-specific manner and the role of the CXCL12/CXCR4 axis differs in each organ. In the developing small intestine, for example, many short, interconnecting vessels form between larger superior mesenteric arteries and the neighboring primary capillary plexus surrounding the primitive gut, which elongate and become the arteries supplying the small intestine. 13 CXCL12 or CXCR4 KO mice lack filopodial extension and intussusceptions from endothelial cells of superior mesenteric arteries; thus, these interconnecting vessels fail to form, leading to gastrointestinal bleeding. In addition, because the CXCL12/CXCR4 axis may play an essential role in later stages of blood vessel formation (e.g., maturation), CXCR4 mutant embryos may die before a vascular phenotype fully appears, especially in organs in which blood vessel formation develops after birth (e.g., retina).
Although we confined our analysis to the roles of the CXCL12/CXCR4 axis in development, our findings may help determine the critical steps in microvascular repair after renal injury. Additional investigation will be necessary to provide a more complete understanding of microvessel formation in general.
CONCISE METHODS
Mice
CXCL12 KO mice, 6 CXCR4 KO mice, 4 CXCL12/GFP knock-in mice, 9 CXCR4 flox/ϩ mice, 13 and Tie2-Cre transgenic mice 18 have been de- scribed previously. They were backcrossed more than seven times with C57BL/6 mice. All animal experiments were conducted in accordance with institutional guidelines. 
Immunohistochemistry
Except when detecting co-localization of GFP, we adopted the atypical "zinc-fixed frozen method" for immunostaining of CXCR4, because this method preserves antigenicity to a greater extent than the conventional formalin-fixed frozen method. Excised samples were immersed in ice-cold zinc fixative (BD Pharmingen) for approximately 12 h with gentle shaking. After the samples were rinsed with distilled water several times, they were immersed in graded concentrations of sucrose solution in PBS. Sections in 30% sucrose in PBS were embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan) and quickly chilled in liquid nitrogen. Sections 5 m thick were blocked in 1% BSA (Sigma) in Tris-buffered saline-Tween 20 (20 mM Tris-HCl [pH 7.5], 137 mM NaCl, and 0.1% Tween 20 [vol/ vol] ) for 1 h at room temperature and incubated in primary antibody solution overnight at 4°C. For unconjugated primary antibody, appropriate secondary antibodies were used. Slides were analyzed using confocal microscopy (Radiance 2100; Carl Zeiss, Jena, Germany). For immunostaining of CXCR4 on the sections from CXCL12/GFP knock-in mice or for other proteins, we used 4% paraformaldehyde (PFA) in PBS for fixation. Sections were fixed for approximately 4 to 6 h on ice and processed as already described.
Immunohistochemical staining of nephrin and PECAM-1 on paraffin-embedded sections was performed using a streptavidin-biotin staining method (Vector ABC kit; Vector Laboratories). Sections were autoclaved in 0.01 M citrate buffer (pH 6.0) for 10 min at 120°C to retrieve the antigen.
Mesangial area was evaluated as glomerular expression of PDGFR␤ by computerized image analysis using the Mac SCOPE program. In brief, 60 glomeruli of wild-type and CXCR4 null kidney were photographed, and positive areas were highlighted on the captured images. The area of positive staining relative to each total glomerular area was automatically calculated as a percentage with determined threshold settings. All data are expressed as means Ϯ SD. Statistical significance (defined as P Ͻ 0.05) was evaluated using t test.
Whole-Mount Immunostaining
For whole-mount immunostaining for PECAM-1, embryonic kidneys at respective stages were immersed immediately after excision in 4% PFA in PBS for 12 h at 4°C and washed in ice-cold PBS several times. Thereafter, kidneys were dehydrated with graded concentrations of ice-cold methanol (up to 100%). For blocking of internal peroxidase activity, they were incubated in 0.3% (1:100) H 2 O 2 in methanol for 30 min on ice. They were hydrated in graded concentrations of ice-cold methanol and then blocked in 2% skim milk (commercial), 1% Triton X-100, and 0.2% BSA in PBS (PBSMT) for 24 h at 4°C. The kidneys were then incubated in primary antibody solution (1 g/ml) for 24 h at 4°C. Kidneys were washed in PBSMT on ice five times for 60 min each and then incubated in horseradish peroxidase-conjugated anti-rat antibody (0.5 g/ml) for 24 h at 4°C. Next the kidneys were washed in PBSMT on ice five times for 60 min each time, incubated in 0.1% Triton X-100 in PBS (PBST) twice for 10 min each and incubated in 3,3Ј-diaminobenzidene (DAB; Wako, Osaka, Japan) in PBST (250 g/ml) without H 2 O 2 for 1 h. They were then incubated in DAB in PBST with H 2 O 2 (1:10,000; 0.003%) on ice for the appropriate time while observing them under a stereoscopic microscope. The kidneys were then rinsed in PBST three times and the reaction completely quenched with 4% PFA in PBS. After refixation, the kidneys were dehydrated in graded methanol (up to 100%) Figure 7 . Assessment of vascular patterning of whole kidneys from CXCR4 KO mice. (A through C) Whole-mount immunostaining for PECAM-1 was performed using kidneys from wild-type (left) and CXCR4 KO (right) mice at E13.5 (A), E15.5 (B), and E17.5 (C). Positive staining was visualized by the horseradish peroxidase-DAB method. Magnified images are also presented in the insets. In the CXCR4 null kidney, regular vascular pattering is disrupted, with narrowing (arrows) or dilation (arrowheads) observed at all stages. Magnification, ϫ10.
and cleared in benzyl benzoate:benzyl alcohol (Sigma) 2:1 solution at room temperature. Cleared kidneys were examined by stereoscopy.
In Situ Hybridization
Mouse cDNA was obtained by reverse transcription using mRNA extracted from mouse embryonic kidney. DNA fragments corresponding to positions 699 through 1149 of CXCR4 mRNA (accession no. NM_009911) and to positions 1410 through 1933 of PDGFB mRNA (accession no. NM_011057) were amplified by PCR and subcloned into pSTBlue-1 vector (Stratagene, La Jolla, CA). Digoxigeninlabeled RNA probe was prepared using a Digoxigenin RNA labeling kit (Roche Diagnostics, Manheim, Germany) according to the manufacturer's protocol. Kidneys were dissected from mouse embryos at E17.5 and fixed in tissue fixative (Genostaff, Tokyo, Japan), embedded in paraffin, and sectioned at 6-m thickness. Tissue sections were processed as described previously. 25 
Organ Culture
Kidneys were removed from CXCR4 KO or wild-type mice at E12.5 and cultured on Transwell (Corning, NY) in DMEM (Sigma) containing 10% FCS (Life Technologies, Grand Island, NY) and antibiotics. After culturing for 48 h at 37°C and in 5% CO 2 , pedicles were washed in PBS three times and fixed in ice-cold methanol for 10 min. After rinsing in PBS, they were blocked in 5% goat serum in PBS for 1 h and incubated in anticalbindin antibody overnight. After intensive washing, they were incubated in Alexa488-conjugated anti-rabbit antibody for 1 h. After washing, the pedicles were mounted on slides and examined using fluorescence microscopy.
Transmission Electron Microscopy
Kidneys were dissected and fixed in 4% glutaraldehyde (Wako) for 6 h, postfixed in 1% osmium tetroxide, dehydrated in graded acetones, and embedded in EponAraldite. Ultrathin sections, cut into 0.08-m thickness and stained with uranyl acetate and lead citrate, were examined with Hitachi H-7100 (Hitachi, Tokyo, Japan). Magnifications: ϫ100 in A and B; ϫ200 in C; ϫ1000 in D through F; ϫ2000 in G, left; ϫ10,000 in G, middle and right.
